Expitaxial films of CoSi2 on Si(111) were investigated by low-energy electron diffraction. Films of approximately 12Å thickness were prepared by simultaneous deposition of Co and Si and subsequent annealing. The films were found to crystallize in CaF2 structure in (111) orientation. Two (1 × 1) phases of different stoichiometry exist. The surface phase that contains more Co is found to be a CoSi2(111) bulklike structure terminated by a Si-Co-Si trilayer. The Si-rich phase is terminated by an additional nonrotated silicon bilayer with the lower silicon atoms bound to cobalt in the first CoSi2 layer. Consequently, these cobalt atoms have an eightfold coordination. Due to the lattice mismatch the silicide films are expanded by 0.5% in the lateral direction and contracted by 1.4% in the vertical direction.
CoSi 2 Epitaxy on Si(111) and Surface Models
Transition metal silicides are important elements of the silicon microelectronic technology. They can be used for electric wiring on the chip and also as parts of individual devices such as metal base transistors. Another application arises from the specific Schottky barrier values of some silicon metal interfaces which can be used to detect infrared radiation. The electric properties of silicide and interface, being crucial for the application, critically depend on the crystallinity and structure of the material. One way to control the crystal structure is to epitaxially grow films on the silicon surface, which is possible for example for the disilicide of cobalt CoSi 2 . The corresponding bulk lattice -in CaF 2 structure -almost perfectly matches the silicon lattice with a mismatch at room temperature of −1.2%. We have shown recently by low-energy electron diffraction (LEED) that epitaxial films on Si(100) indeed grow in CaF 2 structure. 1,2 Among other phases a c(2×2) film phase resembles the structure of a bulk CoSi 2 (100) sample. Both bulk and film are terminated with a silicon layer of the bulk crystal structure on top of which an additional silicon layer of 0.5 monolayer (ML) coverage causes the c(2 × 2) periodicity. The outermost silicon atoms are fourfold-coordinated in a hollow site. Thus all dangling bonds are saturated and accordingly the surface is very stable against residual gas contamination.
It has been shown by many groups that in (111) orientation CoSi 2 can also be grown in CaF 2 structure (see the review by Bulle-Lieuwma 3 ). However, the structure of the interface is still under debate regarding both its orientation and the cobalt coordination number.
4-10 A control of the interface orientation is particularly important for the integration of buried silicide layers into a silicon device, because the top and bottom silicon layer must have the same orientation in order to avoid stacking defects. In this context the structures of the surface and interface of the CoSi 2 film are equally important. Making use of the small penetration depth of low-energy electrons we can separate the investigation of the surface and interface by growing films of different thickness. For a CoSi 2 film of approximately 12Å thickness, where the interface is more or less invisible for the electrons, we present a quantitative LEED analysis of the two stable surface phases developing. The two phases both show a (1 × 1) LEED pattern and are distinguished by their stoichiometry. The phase containing more cobalt is usually labeled "C" and the more silicon-rich phase is labeled "S." Different models were discussed in the literature for both phases. The C phase is supposed to be bulk-terminated. However, termination by a cobalt layer 11 or a single silicon layer has been proposed. [12] [13] [14] For the S phase Pirri et al. proposed a bulklike model terminated by two silicon layers.
11 Later, models were favored containing a silicon bilayer on top of the bulk structure, although orientation and bonding coordination are not clear. [12] [13] [14] In Fig. 1 possible models for both phases are displayed. In panels (a) and (b) the bulk-terminated structures proposed for the C phase are shown. For the S phase the bulklike structure, terminated by two silicon layers, 11 is shown in panel (c). Another possibility of a two-silicon-layer termination 13 is drawn in panel (d). Panels (e)-(h) show other models discussed containing a silicon bilayer on top of a silicon terminated bulk structure, with different coordination for the topmost cobalt atom, i.e. sevenfold [(e), (f)] and eightfold [(g), (h)], and different orientation of the silicon bilayer, i.e. nonrotated [(e), (g)] and rotated [(f), (h)]. In our LEED analysis we show that the models for the two phases can be clearly distinguished, confirming earlier assignments, and for the first time resolve the detailed geometry of the atomic arrangement in a surface region of 10Å depth.
Experimental and Theoretical Methods
The films were prepared by simultaneous deposition of 8 ML of silicon and 4 ML of cobalt on a clean Si(111)-(7 × 7) substrate at room temperature (coevaporation). After annealing to 460
• C the cobaltrich phase developed showing a well-ordered (1 × 1) LEED pattern. The S phase was prepared by deposition of additional silicon (2 ML) on top of this C phase. The best order for this phase was obtained after annealing to 350
• C. An alternative preparation method is similar to the procedure used for CoSi 2 (100) films.
1 After an initial deposition of approximately 2.5 ML cobalt, serving as a template, 12 6 ML of silicon and 3 ML of cobalt were coevaporated. Starting from the silicon-rich phase that develops after annealing to 550
• C, the C phase can be obtained by adding 1 ML of cobalt and annealing to 460
• C. From both phases (S and C) and both preparation methods diffraction spot intensities, I(E), were measured using a video LEED system. 15 For each phase seven symmetry-inequivalent I(E) spectra accumulated to an energy range of approximately 2000 eV. It should be noted that the two preparation methods yield similar diffraction intensities.
Model intensities were generated by full-dynamical LEED calculations. 16 The fine variation of model parameters was carried out using tensor LEED (TLEED). 17 In addition to the atomic positions TLEED allows one to vary also the stoichiometry (chemical TLEED) 18 and to adjust the thermal vibration for individual atoms. 19 Using chemical TLEED we could in particular test vacancies in the outermost layers, so that models with different numbers of additional silicon layers could be considered in one step. In detail this is carried out by averaging atomic scattering matrices (ATA) 20 of silicon with zero scattering at empty positions using the TLEED formalism. The validity of this approach has been demonstrated. 21 For the parameter variation a new automated random sampling search algorithm was employed that is described in detail elsewhere. 22 We considered up to nine interlayer distances in addition to stoichiometry and thermal vibrations in the first layer. Together with nonstructural parameters for inner potential and bulk Debye temperatures, this amounts to a maximum of 15 parameters. Scanning such a parameter space conventionally would clearly go beyond the computational power at hand today, but can be handled using the automated search method.
In addition to the LEED experiments evaporation and development of the two phases were monitored by Auger electron spectroscopy (AES) and focusing on peak-to-peak ratios of the differentiated low-energy Co and Si intensities at 53 eV and 92 eV, respectively. We obtained values of c C = 0.225 and c S = 0.085 for the two phases, very similar to the values published by Hellman and Tung, i.e. 0.24 and 0.095, respectively.
12 Using a layer-dependent AES calculation as described in our paper on CoSi 2 (100), The Pendry R-factor 23 obtained for this structure model is R P = 0.15. The full trilayer model (b) was also favored by previous analyses using LEED 24 and medium energy ion scattering (MEIS). 13 However, in these studies surface relaxations were not found, which is at variance with our finding of a first layer compression of 17%. It was suggested that the CoSi 2 film is strained due to the lattice mismatch between film and substrate. 13 By testing different lateral lattice parameters we find best agreement for a lateral expansion of 0.5% of the film (a F = 3.808Å) as compared to the bulk value for CoSi 2 of a B = 3.788Å. Even though this value is not significant with an Rfactor improvement of only 0.01, it is supported by the fact that the vertical distances are compressed in average. The sum of the second to tenth layer spacing (8.4Å) is 1.4% smaller than the corresponding bulk value of 8.53Å. This would even more suggest pseudomorphic growth (−1.2%) considering that the unit cell volume should be kept at the value for bulk CoSi 2 . Note that for a very thin two-dimensional CoSi 2 film embedded in Si(111) Rossi et al. 9 found a vertical contraction of 2.5%, which even exceeds the expected value.
Four different models, (e)-(h), had to be calculated for the S phase analysis. Model (c) was inherently included in (g) by testing vacancies in the first layer. Model (d), which was brought into play by Vrijmoeth et al. 13 was not explicitly tested in our analysis due to the limited sensitivity expected for a stoichiometry parameter in the third layer. However, it would contain dangling bonds at the surface and only fivefold-coordinated cobalt and therefore seems rather unlikely. Also, it was ruled out in the MEIS analysis. 13 In our LEED analysis the bestfit (R P = 0.21) was obtained for a nonrotated bilayer bound to Co and Si [model (g)] as opposed to R P > 0.4 for all other models. Eight interlayer spacings, i.e. those in the Si bilayer, in the first two Si-Co-Si trilayers and between the first three trilayers were varied. Significant deviations from the bulk values were found for the first three distances: The Si-Si bilayer is expanded to 0.91Å, which is larger than the bilayer thickness in bulk silicon of 0.78Å. The second to third silicon layer spacing (1.65Å), i.e. the distance between bilayer and first trilayer, is larger than the bulk spacing between trilayers, whereas the subsequent Si-Co spacing is compressed to 0.68Å. The topmost silicon atoms, besides being threefold-coordinated to the second Si layer, have a bond length of 2.56Å to third layer Si atoms, very similar to the backbond found for Si adatoms in the (7 × 7)-Si(111) reconstruction. 25 In addition, we find a vertical bond length of 2.33Å between second layer silicon atoms and Co atoms in the first trilayer. This is remarkably close to the bond length in bulk silicon of 2.347Å and -together with the first to third layer spacing -gives the additional silicon bilayer a rather undistorted geometry. One of the Si-rich films prepared accidentally had a silicon content too low, as indicated by AES measurements (c S = 0.12). A separate LEED analysis for this sample indeed found that while still favoring model (g) the topmost silicon layer was only about half-filled, in accordance with the AES observation. The model found for the fully developed S phase is in accordance with the MEIS analysis 13 but contradicts the two-silicon-layer model. 11 The silicon depletion found for our misprepared sample may suggest that in the respective experiments the S phase was not fully developed, thus leading to a metastable structure.
In conclusion, our LEED analysis finds the C phase of CoSi 2 (111) films to be bulk-terminated with a full Si-Co-Si trilayer at the surface, and the surface, and the S phase to contain an additional silicon bilayer on top of a trilayer. Our result is in accordance with the proposal by Hellman and Tung and the MELS analysis by Vrijmoeth et al. 13 We can quantitatively determine the atomic geometries of these models. In particular we find the films to be compressed in the vertical direction and expanded in the lateral direction as compared to the CoSi 2 bulk structure. An impression of the quality of the analysis can be drawn from Fig. 2 , where experimental and theoretical I(E) curves are compared for the two stable CoSi 2 (111) film phases. The bulk-terminated C phase [model (b)] obviously is the stable surface of CoSi 2 (111) bulk samples as found by LEED 26 and X-ray photoelectron diffraction (XPD). 27 This is in contrast to the (100) orientation, 1,2 where the stable bulk geometry contains additional silicon on the surface. However, for both orientations the model and relaxations found for the bulk and film surface are very similar.
